Control analysis of transit time, defined as r = o-/J, has previously been considered with the constraint of low enzyme concentrations compared with free pools of metabolites [Melendez-Hevia, Torres, Sicilia and Kacser (1990) Biochem. J. 265, 195-202]. One of the conclusions was that the sum of the control coefficients of the transition time with respect to enzyme concentration was -1. Here we demonstrate that, if the enzymebound pools are taken into consideration (which would be important at high enzyme concentrations and high affinities), the sum lies between 0 and -1. The transition time between two steady states, which are frequent physiological events, is mainly governed by time constants involved in changing the enzyme concentrations. Some physiological and evolutionary aspects are discussed.
INTRODUCTION
The capacity of fast response to reach a given steady state after a specific stimulus is an interesting property of living cells, with a clear physiological significance. Several authors [1] [2] [3] have proposed expressions to quantify it, as transit time, transition time or transient time, r. In this paper we will use Easterby's definition [3] for transit time, T, which is based on mass conservation, and is defined as the ratio of the total mass of metabolites inside the system, a-, to the flux, J, at steady state: CJ J~~~~~~~~~~~~~~~~(1) T can therefore also be obtained from the progress curve (see Figure 1 ), and its physical meaning is the mean time taken by one molecule to cross (transit) the system at steady state, from the time it is taken up by the first enzyme as the initial substrate until it is released by the last enzyme of the sequence as the end product. Easterby's approach was carried out under the strong constraint that the first step is irreversible; this would make trivial the analysis of control, because under these conditions the first enzyme is absolutely 'rate-limiting'. This restriction was removed in the analysis of Melendez-Hevia et al. [4] as Figure 1 shows. Easterby in a subsequent paper [5] did consider variable input and bound pools, as they could affect the overall transition time, but no attempt to relate these to the control characteristics of a system was made. This is the subject of the present paper. The value of T can be determined from steady-state analysis [eqn.
(1)] without following the transient in both the progress curves. Nevertheless, under the most general cellular conditions, it reflects the metabolic response time. In effect, if we compare two metabolic systems at steady state with the same flux but with different concentrations of intermediate pools (see Figure 2) , the one that has less mass inside is usually the faster to reach the steady state. This can be easily understood as follows: if the system starts from an empty state (with no intermediate metabolite mass inside), then the speed at which the steady state is reached will be the higher the smaller the value of oC for a given flux. As will be discussed below, the transit time so defined is not really of physiological interest, as no system starts 'empty' of pools. It is the transit time between two different steady states that should be considered. This is given by the formula Tab = Tb -Ta(Ja/Jb) [3] which gives the transit time of a system that passes from one steady state a to another b and where Ta and Tb can be defined in terms of the 'empty to steady state' operation. This is the physiologically important transit time as there are Intersections of the asymptotes of input and output fluxes with the ordinate axis give the total mass of intermediates inside the system, and intersections of these asymptotes with the abscissa give the transit time. Each of these variables includes two fractions, Tin, rin and o,t T1t, according to which progress curve (input or output) is due [4] . The It is easily seen that this applies to rT and Th, where Tr is now the transition time after the a operation, so that:
Tab =__ ____-a Ja many known instances in which metabolism switches (e.g. aerobic to anaerobic, glycolysis to gluconeogenesis, etc.). These changes are always initiated by an environmental alteration which sets into motion fairly large changes in some enzymes and fluxes. The transition time, and any changes in this time, then follow from these changes in flux. We shall take a single unbranched pathway as a model system for analysis. The operation on this pathway that we shall consider is the simultaneous change in the concentrations of all the enzymes, however brought about. We shall first consider how the individual values Ta and Tb and their control coefficients are affected and how the amount of enzyme complex affects these values. We shall then consider these effects on the important Tab.
Control of transit time has been analysed both theoretically and experimentally [6] under the constraint of low enzyme concentrations, and therefore assumes that most ofthe metabolite mass inside the system is due to free pools, and that therefore the concentrations of enzyme-bound intermediates are small. Subsequent to the publication of our paper [4] , another publication appeared [7] which came to identical conclusions. The main conclusion of such analysis was the summation theorem for control coefficients (C) of transit time: J-F
TF j
The meaning of eqns. (2) and (3) is clear. When all enzyme concentrations are simultaneously increased by a factor a = del/ei, not necessarily 'small' [8, 9] , the flux is increased by the same factor because:
The transition is therefore instantaneous. In vivo, however, this will not be observed because the synthesis of the new protein on induction of the pathway enzymes will take some time.
In experiments performed in vitro, on the other hand, an almost instantaneous transition depending only on the mixing is observed if new enzymes are added to the system. However, this constraint of the small bound pools is strongly determining because, as we shall demonstrate here, the control properties of transit time are quite different in systems without this constraint. The feature of high enzyme concentrations in cells in a number of cases (see e.g. [10] [11] [12] [13] Bound transit times have been considered previously (see e.g. [3] ) but treatment was in terms of special assumptions about the kinetics of the steps and these effects on the control coefficients were not addressed. In the following, we shall develop an approach that is independent of special kinetic assumptions.
THEORY
Consider a metabolic system that is a chain of enzyme reactions, all of which are reversible and sequentially operate (Scheme 1) to convert the initial free substrate XO into the free end product Xp. Let us assume (for the moment) that it is under the classical constraints of metabolic control analysis (independence and additivity of single enzyme effects [14, 15] ). We shall consider here that every step is reversible, as usual, with no loss of generality [3, 4] . Also we shall assume that the concentration ofeach enzyme may have any value including values of the same order as or higher than its substrate. It should be emphasized that the relative concentrations of enzyme and metabolite (so frequently studied and quoted in the literature) are not a sufficient condition for taking bound pools into consideration. It is quite possible that there is a very high concentration of enzyme(s), but with very low affinities etc. the concentration of bound pools -may equally be low, i.e. 0-B << a-F. In such a case the formulations based on low enzyme concentrations discussed above apply. It requires both high concentration of enzyme(s) and high affinities before a significant effect of the bound pools becomes important. Now, with the system working at an asymptotically stable steady-state, let us make a certain fractional change (not necessarily small) in the concentration of all the enzymes by the same factor a = de1/e, simultaneously. Once the system reaches its new steady state, it will show the following features. (a) The flux of the system has also been increased by the same factor dJ/J = a [8, 9] . (b) All free pools of intermediate SF remain at the same concentration, i.e. dSF/SF = 0 as £CSF = 0 [9] . From this last property it follows that the degree of saturation of each enzyme (the fraction of bound enzyme over total enzyme) has not been changed because all are working at the same concentration of free substrate and product [16] . As the concentration of metabolite bound to the enzyme, which we designated B1, must be equal to the concentration of enzyme bound to the metabolite and because the total concentration has been changed by a factor a, we can write dBi -=a Bi The total differential of Bi is: This is the summation theorem ofcontrol coefficients of bound transit time. Taking into account the theorem for free transit time [eqn. (2)] we can see that the value of the summation of time control coefficients in a metabolic system will depend on the free/bound metabolite ratio (Figure 3) . If most of the mass of metabolites inside the system is bound to the enzymes, then most of the transition time will account for time spent by bound pools, and that summation will tend to zero, whereas in a system with most of the intermediates as free pools, they will account for most of the transition time, and consequently that summation will approach -1. Therefore the summation of all control coefficients of total transit time, r, for free and bound pools will always be between 0 and -1. 
This contrasts with eqn. (7) To this must be added the time taken for the enzyme induction, which may well dominate the process in vivo.
As stated above, there is no restriction about the reversibility of the first step of the pathway. Therefore results in eqns. (12) and (13) apply to systems where the ratio Tin/To00, as well as the ratio TB/TF, has any value (see Figure 1) . In Scheme 1 the stoichiometric ratio between the initial substrate X0 and the end product Xp, is 1, but this simplification involves no loss of generality in our conclusions, as has been previously demonstrated [4] .
If not all the enzymes are co-ordinately increased (or decreased), the effect of such a change will depend, apart from the value of a, on the control coefficient of these steps. The limits, as shown in eqn. (13) 
